Tenofovir is less toxic than other nucleoside reverse-transcriptase inhibitors used in antiretroviral therapy (ART) and may improve retention of human immunodeficiency virus (HIV)-infected patients on ART. We assessed the impact of national guideline changes in South Africa (2010) and Zambia (2007) recommending tenofovir for first-line ART. We applied regression discontinuity in a prospective cohort study of 52,294 HIV-infected adults initiating first-line ART within 12 months (±12 months) of each guideline change. We compared outcomes in patients presenting just before and after the guideline changes using local linear regression and estimated intention-to-treat effects on initiation of tenofovir, retention in care, and other treatment outcomes at 24 months. We assessed complier causal effects among patients starting tenofovir. The new guidelines increased the percentages of patients initiating tenofovir in South Africa (risk difference (RD) = 81 percentage points, 95% confidence interval (CI): 73, 89) and Zambia (RD = 42 percentage points, 95% CI: 38, 45). With the guideline change, the percentage of single-drug substitutions decreased substantially in South Africa (RD = −15 percentage points, 95% CI: −18, −12). Starting tenofovir also reduced attrition in Zambia (intent-to-treat RD = −1.8% (95% CI: −3.5, −0.1); complier relative risk = 0.74) but not in South Africa (RD = −0.9% (95% CI: −5.9, 4.1); complier relative risk = 0.94). These results highlight the importance of reducing side effects for increasing retention in care, as well as the differences in population impact of policies with heterogeneous treatment effects implemented in different contexts.
Billions of dollars are invested in pharmaceutical research and development annually to identify medications with efficacy comparable to that of existing drugs but with fewer side effects (1) (2) (3) . Currently, there are over 30 antiretroviral drugs in development to help treat and prevent human immunodeficiency virus (HIV) infection (4) . Most of these drugs seek to improve clinical outcomes not through increased efficacy but through improved adherence and retention as a result of reduced toxicity (4) . Adverse reactions to treatment are a major cause of nonadherence to antiretroviral therapy (ART) and poor retention in care (5) (6) (7) . Although there may be clear benefits to patient quality of life, evidence on the clinical impact of these newer drugs is normally limited to demonstration of noninferiority in a controlled trial setting (8) (9) (10) (11) (12) (13) (14) (15) (16) . The clinical benefits of less toxic regimens (e.g., improved adherence and retention) are rarely measured in real-world nontrial settings (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . Furthermore, because patients may respond differently to medications, clinical benefits may vary across populations.
In 2004, the World Health Organization (WHO) recommended the use of stavudine in first-line ART in low-and middle-income countries (29) . By 2007, clinical trials had shown that tenofovir-based regimens, which had been used in high-income countries for years, were comparable in terms of efficacy and had a better toxicity profile than stavudine-based (15, 30) or zidovudine-based (15) regimens. Adverse reactions, including dyslipidemia, lipoatrophy, peripheral neuropathy, and hyperlactatemia, were observed in 5%-20% of patients initiating stavudine (30) (31) (32) (33) (34) (35) . As such, in 2010, the WHO recommended the use of tenofovir in first-line ART in low-and middle-income countries, citing the potential harms that could result if side effects led HIV patients to default therapy, including adverse patient outcomes and the potential for development of drug-resistant strains of the virus (36) . By 2012, 80% of lowand middle-income countries had implemented the guidelines, replacing stavudine with tenofovir or zidovudine in first-line ART (5, 36) .
It was expected that initiating the use of tenofovir in HIV patients would lead to improved adherence and reduced loss to follow-up (36) , with implications for longer-term health outcomes (37) . However, the impact of initiating tenofovir as the standard of care on patient outcomes has only been evaluated in observational studies. Those studies have consistently found a protective association between tenofovir use and single-drug substitution (13) (14) (15) (16) (17) (18) (19) (20) 38) , a widely used marker for adverse reactions to treatment. Yet many of these same observational studies reported mixed results for the association between initiating tenofovir and death, loss, and immunological or virological response (17) (18) (19) 22) . Existing studies were performed at single sites and typically well-resourced clinics, limiting generalizability of the findings (17) (18) (19) (20) 38) . Studies conducted prior to the change in the guidelines (17, 18) focused mainly on effects of tenofovir in the subpopulation of patients receiving tenofovir due to contraindications to the use of stavudine and/or zidovudine and may not be informative regarding treatment effects for the larger population of patients initiating tenofovir as the standard of care after the guideline changes. Finally, and most importantly, prior studies used methods which may be vulnerable to confounding by indication; for example, pancreatitis, kidney disease, and obesity are contraindications to stavudine but are also associated with poor HIV treatment outcomes (39) . As a result, comparisons between patients initiating tenofovir and those not initiating it in the existing literature may be biased.
We used a regression discontinuity study design (40) (41) (42) (43) to evaluate the impact of the policy change, comparing patients starting ART immediately before and after the guideline changes in South Africa and Zambia. We assessed the impact of the guideline change on whether patients started tenofovir, as well as on key clinical outcomes: attrition, death, virological failure, and CD4-positive T-cell response. The guideline change offered a rare natural experiment with which to evaluate the clinical impact of scaling up a drug valued not just for its efficacy but also for its lower toxicity profile in comparison with prior drugs.
METHODS

Data source
Data were obtained from International Epidemiological Databases to Evaluate AIDS in Southern Africa (IeDEA)-Southern Africa (www.iedea-sa.org), a collaboration of HIV treatment cohorts in southern Africa (44) . We included cohorts from the Gugulethu, Hlabisa, Khayelitsha, and Themba Lethu ART programs and Tygerberg Hospital in South Africa and the Centre for Infectious Disease Research cohort in Zambia. Some IeDEA clinics from South Africa and Zambia stopped reporting to IeDEA shortly after the guideline changes were issued and were excluded from the analysis.
Investigators at all IeDEA-Southern Africa sites obtained ethical approval from relevant local institutions. Boston University's Medical Campus Institutional Review Board granted approval of secondary analyses of deidentified data.
Study design
We conducted a prospective cohort study using a regression discontinuity design. The study sample included ART-naive HIV-infected patients aged ≥16 years initiating first-line ART. In South Africa, immediate ART eligibility was extended to pregnant women and to patients with tuberculosis and hepatitis B virus coinfection at the same time as tenofovir was incorporated into first-line therapy. To mitigate against the potential for bias resulting from this concurrent policy change, we excluded pregnant women and patients diagnosed with tuberculosis at treatment initiation from our analysis, where possible. Screening for hepatitis B was rare at the time and was not included in the database. As a test for the similarity of the study population before and after the tenofovir policy change, we assessed trends in baseline CD4 cell count at initiation (after the above exclusions). If the eligibility expansion changed the composition of the sample, we would see an increase in the average CD4 count. As described below, we found no gap in CD4 count at the threshold. We also conducted a detailed review of HIV treatment guideline changes and identified no other major changes during the period of study. There were no other major policy changes in Zambia. Patients were included in the analysis if they initiated ART within the period comprising 12 months before and after (±12 months) the guideline changes. Guideline changes occurred on April 1, 2010, in South Africa (45) and July 1, 2007 , in Zambia (46, 47) . Some facility-level variation occurred when the guidelines were rolled out in Zambia (all within ±3 months of July 1, 2007); as such, we used facilityspecific implementation dates in our analysis of the Zambian data to assign patients to the guidelines that were in effect on the date they initiated ART. All patients had the potential for at least 24 months of follow-up after the date of initiation.
Exposures
Exposure to the guideline change (tenofovir as the standard of care) was defined as an indicator variable equal to 1 if the patient initiated ART on or after the guideline change date and 0 otherwise. In addition, we defined an indicator variable for whether the patient initiated tenofovir as part of first-line ART.
Outcomes
Our primary outcomes were single-drug substitutions (defined as a change of the nucleoside reverse-transcriptase inhibitor within first-line ART, without other medication changes) and attrition from care (defined as not having made a clinic visit within 6 months prior to the closure date of each program). Single-drug substitution was the standard of care in both countries for patients experiencing an adverse reaction to the initially prescribed nucleoside reverse-transcriptase inhibitor (45, 46) . The extent of the occurrence of single-drug substitution depended on the availability of less toxic replacements. Patients who switched to second-line ART (defined as switching the nucleoside reversetranscriptase inhibitor and replacing the nonnucleoside reversetranscriptase inhibitor with a protease inhibitor) (36) were censored at the start of second-line ART.
As secondary outcomes, we assessed death, CD4-positive T-cell response, and viral load failure, all evaluated over the course of 24 months. Mortality in South Africa was ascertained via family or hospital report, active tracing, and/or linkage with the South African National Vital Registration System (48, 49) . Zambia does not have a death registry; mortality was ascertained via family or hospital report or via active tracing. Mortality estimates were not weighted to account for rates of death among persons lost to follow-up. In both countries, mortality ascertainment may be incomplete. Patients established on ART were monitored for viral load (in South Africa) and CD4-cell response (in both countries) (45, 46) . Viral load failure was defined as 2 consecutive viral loads, measured at least 2 weeks apart, greater than 400 copies/mL (45) . The first elevated viral load measurement had to fall within the first 18 months on ART with a window of ±6 months, with documentation of the second viral load measurement confirming failure within 24 months (±6 months) for patients who were alive and in care. The first elevated viral load was considered the date of failure. CD4-cell response was calculated as the mean change in CD4 count from ART initiation to 24 months on treatment. The first CD4 count in the 6-month window around 24 months of follow-up for those patients alive and in care was used. To assess longerterm outcomes, we analyzed attrition, death, single-drug substitution, and immune response over the course of 48 months in Zambia; there was insufficient follow-up time to assess outcomes beyond 24 months in South Africa.
Statistical analysis
We used a regression discontinuity design (40) (41) (42) (43) (50) (51) (52) (53) (54) to compare patients initiating ART just before and after the WHO guideline changes. Characteristics of patients initiating ART just before the guideline changes versus just after the guideline changes were expected to be continuous over the cutoff, demonstrating balance in both observed and unobserved covariates (similar to a clinical trial), providing confidence that the assumption of continuity of potential outcomes was not violated. The precise date of initiation-and thus, whether a patient initiated ART before or after the guideline change-was a product of random factors related to the decision to seek care, weather and transport conditions, arrival of laboratory results, and clinic congestion (among others). So long as dates of ART initiation were not manipulated by either the patient or the clinician in order to gain access to tenofovir, patients on either side of the threshold should have been exchangeable. The guideline changes thus offered a natural experiment for evaluating the impact of tenofovir implementation as the standard of care on patient outcomes. In contrast to a simple pre-/post-analysis, which can be confounded by secular trends, we focused our comparison on patients initiating ART immediately before and after the date of the guideline changes. Note that some patients initiated treatment with tenofovir even before the guideline changes, and not all patients initiated tenofovir afterwards. Thus, we analyzed the impact of the guideline change from an intention-to-treat (ITT) perspective. We also used instrumental-variables methods to uncover the effect of initiating tenofovir on those patients whose initiating regimen was determined by the guideline change, known as the complier average causal effect (CACE) (41) .
ITT effects were estimated separately for each country and each outcome on a risk difference scale using local linear regression models with heteroskedasticity-robust standard errors. We controlled for continuous linear trends in outcomes over time with respect to date of initiation, allowing for separate slopes before and after the guideline change. We overlaid scatterplots binned in weekly intervals, displaying the average outcomes in each bin. Our ITT treatment effect was estimated as the intercept shift on the date of the guideline change (i.e., the coefficient on the threshold indicator). A data-driven optimal bandwidth was calculated for each outcome using the Imbens and Kalyanaraman (55) bandwidth selector. Due to imprecision in the implementation of the guidelines, we excluded patients initiating ART within 14 days before and after (±14 days) the guideline change when calculating our primary estimates. The CACE was estimated using the threshold indicator as an instrument for whether the patient actually initiated tenofovir. We estimated the CACE by dividing the ITT by the first-stage estimates, using separate optimal bandwidths for each. We also estimated the treatment complier mean and the complier relative risk of attrition for those patients whose first-line regimen was determined by the guideline change. We obtained 95% confidence intervals for the CACE and the complier relative risk using the percentile bootstrap method (1,001 bootstrap samples) (56, 57) .
To assess the comparability of patients initiating ART just before and after guideline change, we assessed differences in observed baseline clinical and demographic characteristics using regression models similar to the ITT, where instead of regressing the outcome on the model parameters we regressed each baseline observable variable separately (58) . As with a baseline table in a randomized trial, similarity in observed characteristics on either side of the threshold generates confidence that treatment was (quasi-) randomly assigned for patients initiating ART close to the date of the guideline change. If this assumption is supported, then there is no strong rationale (from the perspective of bias) to include covariates in the regression model, as it is assumed to be unconfounded, similar to a clinical trial. Additionally, to assess whether dates of initiation were systematically manipulated by the patient or the clinician, we conducted the McCrary density test (58) to help establish that manipulation of the start date was not an issue in our cohort. We also plotted a histogram of initiation dates and visually analyzed the distribution for evidence of bunching on one side of the threshold (58, 59) .
Robustness checks
To check the robustness of our estimates, we conducted the following checks: 1) using national, rather than clinic-specific, dates of policy implementation in Zambia only; 2) including patients who initiated ART within 14 days (±14 days) of the policy change; and 3) changing the bandwidths used in the linear models to one-half and twice the size of the optimal bandwidth we show in our main results in both countries. For each of these robustness checks, we estimated the 1) change in the proportion of patients initiating tenofovir, 2) change in the proportion of patients with single-drug substitutions, and 3) change in the proportion of loss to follow-up and death combined.
RESULTS
Validity of the regression discontinuity design
A total of 16,179 patients in South Africa and 36,115 patients in Zambia were included. Observed clinical and demographic characteristics were similar for patients initiating ART immediately just before and just after the guideline change in both countries (Table 1) , consistent with a data-generating process in which patients on either side of the threshold were exchangeable. A threat to validity in regression discontinuity is the potential for systematic manipulation of the assignment variable-for example, in order to gain access to the intervention. Inspection of the distribution of ART starting dates ( Figure 1 ) showed a small drop in the number of patients initiating ART during the week immediately after the guideline change, with the number increasing in weeks 2-4 to levels seen in the weeks prior to the guideline change in both countries (Figure 1 ). However, this pattern is not consistent with clinicians' holding back patients from initiating ART until after the guideline change, and it may rather reflect delays in the supply chain to support the guideline change.
Results also show low numbers of ART initiations in January during the holiday period in South Africa ( Figure 1A) . Additionally, the McCrary density test revealed no bunching before or after the threshold (P ≥ 0.05), which is consistent with no systematic manipulation in either South Africa or Zambia (see Web Figure 1 , available at https://academic.oup.com/aje). Even with these variations, we believe that there was no strong evidence suggesting systematic manipulation of initiation dates in either country. Additionally, the proportion of patients initiating tenofovir increased strongly with the guideline changes in both countries: from 7.7% to 89.0% in South Africa (risk difference (RD) = 81.0 percentage points, 95% confidence interval (CI): 73.0, 89.0) and from 7.0% to 49.0% in Zambia (RD = 42.0 percentage points, 95% CI: 38.0, 45.0) (Figure 2 ). This dramatic uptake of tenofovir in both countries at the threshold lends credence to the view that regression discontinuity is an appropriate design for assessing the impact of the guideline change on our desired outcomes.
ITT estimates
The change in guidelines resulted in an ITT decrease in single-drug substitutions during the first 24 months on ART, from 19.0% to 4.0%, in South Africa (RD = −15.0 percentage points, 95% CI: −18.0, −12.0) (Figure 3 ) and a small decrease from 7.0% to 4.7% in Zambia (RD = −2.3 percentage points, 95% CI: −3.6, −0.3) (Figure 4) at the threshold. Rates of single-drug substitution differed quite substantially across the countries prior to the policy change, perhaps due to the prepolicy (Figure 3) ) over the 24 months on ART at the threshold. After rerunning the analysis for Zambia using the July 1, 2007, date as the threshold instead of the facility-specific implementation dates, we found slightly attenuated but similar results.
Extending the analysis to 48 months in Zambia, we continued to see a decline in single-drug substitutions (RD = −2.0 percentage points, 95% CI: −4.0, −0.1) and a small decrease in attrition of 1.2 percentage points (95% CI: −3.4, 1.1)-translating to a much smaller relative reduction of 7% over 48 months of follow-up. We still saw no association with death or immune response (Web Figure 2) . 
Robustness checks
The 3 robustness checks-using national rather than clinicspecific dates of policy implementation in Zambia (Web Figure 3) , including patients who initiated ART within ±14 days of the policy change (Web Figure 4) , and changing the bandwidth used in the linear models (Web Figures 5 and 6 )-led to broadly similar results and did not change the substantive conclusions.
DISCUSSION
The 2010 WHO guidelines recommending tenofovir as the new standard of care for HIV patients were rapidly implemented in both South Africa and Zambia, leading to large and sudden increases in the proportions of patients initiating tenofovir. Although tenofovir has efficacy similar to that of stavudine, tenofovir is less toxic, and it was hoped that starting patients on tenofovir would lead to improved clinical outcomes. We have shown here that initiating tenofovir as the standard of care reduced the rate of single-drug substitution in South Africa and Zambia, consistent with a lower incidence of side effects. We also found that a policy of starting patients on tenofovir led to better retention in care over 24 months of treatment, with a 15% relative reduction in attrition in Zambia in the ITT and a 26% relative reduction for those patients actually started on tenofovir. A much smaller reduction in attrition was observed in South Africa, which had a more extensive prereform policy of substituting tenofovir for stavudine if patients experienced adverse reactions to stavudine. The limited impact of the guideline change in South Africa on attrition, in spite of its rapid and thorough implementation, suggests that the prior targeted policy was effective in maintaining on ART those patients who had negative responses to the prior regimen. These findings illustrate not only the importance of addressing side effects in maintaining patients on long-term therapy but also the importance of considering treatment-effect heterogeneity in extrapolating from a target population to all patients and the limits to generalizability in different prereform contexts.
Our results showed no difference in rates of death, immune response, or viral load failure. The major strength of our study, in comparison with prior observational research on this topic, was the use of a quasi-experimental approach that generates estimates with the potential for credible causal interpretation, without strong assumptions about the absence of unobserved confounders. In particular, prior research comparing patients starting tenofovir with patients starting other regimens assumed no confounding by indication. In contrast, our regression discontinuity approach compared outcomes in 2 populations (those initiating ART just before the guideline change and those initiating it just after) that were similar in terms of both observed and unobserved factors, by design, and differed only with regard to the treatment available. Our analysis revealed balance with regard to observable characteristics among patients initiating ART just before and just after the guideline change, and we found no strong evidence of systematic manipulation of initiation dates. Our study had additional strengths: We conducted one of the largest analyses carried out to date on this topic. We also compared the impact of the policy change in 2 countries with different prereform standards of care, providing insight into the generalizability of the estimates.
Our study should be considered alongside its limitations. First, although attrition (including death and loss to follow-up) is observed for all patients regardless of whether they are in care, other outcomes are vulnerable to reporting bias. Due to the high rates of death-estimated at upwards of 50% (60)-among patients lost from ART programs in low-and middleincome countries, we probably underestimated mortality. As a result, our expectation is that the bias in our estimates would be towards the null, because patients at higher risk of mortality would have been less likely to be observed.
Second, measurements of CD4 cell count and viral load were conditional on retention in care. Given that the guideline change reduced attrition in Zambia, the populations remaining in care may have differed in their CD4 and viral load distributions. As with the mortality results, we interpret the results for CD4 recovery and viral failure as descriptive. However, the results for attrition have the potential to have a causal interpretation.
Third, the results of our analysis would have been confounded if patients initiating ART just before or after the guideline change differed systematically in terms of unobserved factors correlated with outcomes. In 2010, in South Africa, eligibility for ART was expanded to patients diagnosed with tuberculosis or hepatitis B virus infection at ART initiation, irrespective of CD4 cell count (36) , and this could have led to a change in patient composition. We removed patients diagnosed with tuberculosis at treatment initiation from our analysis, where possible. We did not remove patients with hepatitis B virus, as testing for the virus before patients were initiated into ART was limited during the period of the study (61) . There were no other major clinical policy changes coinciding with the 2010 change in guidelines. The next major WHO policy change, made after April 2010, occurred in July 2011, when the CD4 cell-count eligibility threshold for ART increased from ≤200 cells/μL to ≤350 cells/μL (62) .
Fourth, the assignment variable in our study was time. As such, our study may have been at increased risk of clinicians' and/or patients' manipulating their assignment variable due to advanced knowledge of the policy change, in comparison with other studies that used strict cutoffs for assignment variables, such as CD4 cell count levels for ART eligibility (43, 63) .
Fifth, there was a high proportion of missing data on observable characteristics, which may have affected our ascertainment of balance at the threshold. However, the proportions of missingness did not differ just above/below the threshold within either country, and as such we would expect the missingness to have been random at the threshold and to not have biased the results (58, 59) .
Sixth, due to the lack of documentation of reasons for singledrug substitution for 90% of events among patients with the event in the cohort, we could not determine whether the substitution was due to toxicity from the drug or due to the recommendation of substituting medication in patients who were at high risk of toxicity. There is a chance that single-drug substitutions in our study were driven by the policy change and not by side effects/toxicity of stavudine. However, when assessing the association between stavudine versus tenofovir and single-drug substitution in our pediatric population, we did see a substantial spike in single-drug substitutions around the time of the guideline change as clinicians were substituting stavudine, regardless of whether the patient was tolerating stavudine well, with zidovudine or tenofovir. We believe that if substitutions were being driven by the guidelines in adults, we would have seen a similar increase, which was not present in these data.
Seventh, although we analyzed data from the largest existing collection of HIV clinical cohorts in southern Africa, our results may not be generalizable to other settings. More specifically, we have shown that reductions in drug toxicity are valuable innovations, reducing attrition from care (in Zambia) and regimen changes (in South Africa). With the scale-up of the test-andtreat strategy, patients are being asked to initiate ART earlier, often before they have experienced any serious clinical symptoms. These patients may be even more sensitive to side effects and other quality-of-life aspects of therapy. Intervening to support retention in care is critically important to maximize the clinical and population health benefit of the test-and-treat strategy.
Finally, we understand that the question regarding the association of the 2010 WHO policy change with patient outcomes has passed. Analyzing the association of the 2007 policy change in Zambia prior to the WHO policy change in 2010 would have produced valuable information for informing policy changes in other low-and middle-income countries, like South Africa. Three of the main benefits of "big data" are volume, velocity, and variety. What we were lacking in this analysis was velocity. In order to answer future policy questions, we would need real-time access to observational data. With large observational HIV databases, the pooling of the data from different observational cohorts in many regions, in addition to the application and approval process, takes time and is a barrier to assessing policy changes in a timely manner.
In conclusion, pharmaceutical companies are developing a broad class of new HIV medications, seeking to reduce side effects for HIV-positive patients while maintaining the same efficacy as exists for current drugs. Little is known about the realworld clinical benefits of such innovations or the impact of scaling them up. In 2007 and 2010, respectively, Zambia and South Africa scaled up the use of tenofovir as the standard of care for first-line ART, at a significant increase in cost over existing drugs (64) . We found mixed results when analyzing a natural experiment in which South Africa and Zambia replaced the use of toxic HIV drugs with similar but less toxic regimens.
On the one hand, the WHO guideline change substantially improved retention in care in Zambia, providing strong evidence that side effects lead patients to default therapy and that use of drugs without these side effects reduces attrition. These benefits point to the clinical value of such innovation: Medications with similar efficacy as current drugs, as shown in noninferiority trials, may be more effective than the status quo if they enable patients to adhere to long-term treatment regimens. On the other hand, South Africa's experience-a very large shift toward tenofovir with little to no impact on patient attrition-points to the complications of scaling up these innovations and the importance of context in generalizing findings to other settings. Prior to the guideline change, South Africa had a widely implemented targeted policy of switching patients to tenofovir if they suffered side effects. The guideline change would have eliminated months of adverse side effects for previously targeted patients-an important benefit. However, because those patients largely would have remained in care, the change in national guidelines had little association with retention for this group, even as the rate of single-drug substitutions declined precipitously. The size of this change (15 percentage points) is consistent with prior estimates of the proportion of patients with toxicity to stavudine (31) (32) (33) (34) (35) .
With its recommendations that all patients initiate use of tenofovir, the WHO anticipated improved adherence and reduced loss to follow-up (36) ; this has implications for longer-term health outcomes, such as CD4 cell count recovery, viral suppression, and survival. We show that the guideline change improved retention in care in Zambia and prevented potentially months of toxicity/side effects for the 10% and 20% of patients in Zambia and South Africa, respectively, who were ultimately switched under the prior regime. Further, there may have been reductions in toxicity related to stavudine and other aspects of morbidity that were not observed in our study, which may not have led to single-drug substitutions but may have reduced quality of life for patients on ART or led to long-run adverse clinical outcomes that we did not observe. Taken as a whole, our results indicate that innovations designed to reduce side effects may improve clinical effectiveness in addition to patient quality of life in some populations. Understanding these benefits and how they vary is critical to maximizing the population impact of investments in these new drugs.
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